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ABSTRACT
Using the AKARI, Wide-field Infrared Survey Explorer (WISE), Infrared Astronom-
ical Satellite (IRAS), Sloan Digital Sky Survey (SDSS) and Hubble Space Telescope
(HST) data, we investigated the relation of polycyclic aromatic hydrocarbon (PAH)
mass (MPAH), very small grain mass (MVSG), big grain mass (MBG) and stellar mass
(Mstar) with galaxy merger for 55 star-forming galaxies at redshift z < 0.2. Using
the SDSS image at z < 0.1 and the HST image at z > 0.1, we divided the galax-
ies into merger galaxies and non-merger galaxies with the morphological parameter
asymmetry A, and quantified merging stages of galaxies based on the morphologi-
cal indicators, the second-order momentum of the brightest 20% region M20 and the
Gini coefficient. We find that MPAH/MBG of merger galaxies tend to be lower than
that of non-merger galaxies and there are no systematic differences of MVSG/MBG and
MBG/Mstar between merger galaxies and non-merger galaxies. We find that galaxies
with very low MPAH/MBG seem to be merger galaxies at late stages. These results sug-
gest that PAHs are partly destroyed at late stages of merging processes. Furthermore,
we investigated MPAH/MBG variations in radiation field intensity strength G0 and the
emission line ratio of [O i]λ6300/Hα which is a shock tracer for merger galaxies and
find that MPAH/MBG decreases with increasing both G0 and [O i]/Hα. PAH destruction
is likely to be caused by two processes; strong radiation fields and large-scale shocks
during merging processes of galaxies.
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1 INTRODUCTION
Polycyclic aromatic hydrocarbons (PAHs), large planar
molecules with 50 − 1000 carbon atoms, are a ubiquitous
component of galaxies in the Universe. PAHs are quite easily
destroyed by various physical processes, which include colli-
sions with high-velocity electrons and ions in shock regions
induced by supernovae (SNe) and hot plasma, strong UV ra-
diation of massive young stars, and hard UV and soft X-ray
radiation of active galactic nuclei (AGN). Several studies
found that PAH emission in supernova remnants (SNRs)
is significantly suppressed relative to dust emission (e.g.,
Ishihara et al. 2010), which can be explained by low abun-
dance of PAHs relative to dust through selective destruc-
⋆ E-mail: katsuhirolmurata@gmail.com, murata@u.phys.nagoya-
u.ac.jp
† E-mail: oyabu@u.phys.nagoya-u.ac.jp
tion of PAH by SN-induced shocks (e.g., Tielens 2008). In
low-metallicity starburst galaxies, supernova-induced shocks
are considered to be a more dominant process for de-
struction of PAHs than UV radiation from massive stars
(O’Halloran et al. 2006), although the latter is crucial for
PAH destruction in low-metallicity blue compact dwarf
galaxy (Plante & Sauvage 2002).
Merging of galaxies is considered to induce large-scale
strong shocks in the galaxies; PAH destruction on a galaxy
scale is expected to occur during this merging processes.
Recent integral field spectroscopic observations found that
some nearby galaxies possess extended ionized gas with
high velocity dispersions, which is interpreted as galaxy-wide
shocks with speeds of 150− 500 km/s induced by merging of
galaxies (Monreal-Ibero et al. 2006, 2010; Rich et al. 2011,
2014, 2015). In the hierarchical picture of a galaxy assembly,
galaxies have evolved through merging processes. Since the
© 2016 The Authors
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merging of galaxies is common especially at higher redshifts
(e.g., Lotz et al. 2011), it is crucial to explore the PAH de-
struction during a merging process in order to understand
the history of PAH enrichment for various types of galaxies
in the Universe.
The number of systematic studies about PAH destruc-
tion through merger-induced shocks is, however, rather
limited, because a large sample of star-forming galaxies
during merging processes is required. Since some galax-
ies in merging processes have AGNs which also destroy
their PAHs by hard UV and soft X-ray radiations, it is
necessary to divide galaxies into pure star-forming galax-
ies and galaxies with AGNs in order to investigate the
PAH destruction by merger-induced shocks. In our pre-
vious study of Yamada et al. (2013), we constructed the
clean sample of star-forming galaxies based on the PAH
3.3 µm feature equivalent width and near-infrared (NIR)
slope using spectroscopic observations by the AKARI satel-
lite (Murakami et al. 2007) and investigated their 3.3 µm
PAH luminosity (LPAH3.3) and total infrared luminosity
(LTIR). We find that LPAH3.3/LTIR systematically decreases
with LTIR, which is interpreted as decreases in the amount
of PAHs relative to dust grains with LTIR. Combining
the decrease of LPAH3.3/LTIR and the previous observa-
tions that a merger fraction increases with increasing LTIR,
Yamada et al. (2013) suggested that PAHs are destroyed via
shocks induced by merging processes of galaxies.
In this paper, we aim to investigate the relation of PAH
features (LPAH) with galaxy merger for star-forming galaxies,
using optical images of the Sloan Digital Sky Survey (SDSS)
and Hubble Space Telescope (HST). Optical images with
high spatial resolution allow us to identify galaxy merger
remnants and thus securely classify galaxies into merger
galaxies and non-merger galaxies.
2 SAMPLE OF STAR-FORMING GALAXIES
Our sample consists of 57 star-forming galaxies in the sample
of Yamada et al. (2013), out of which 48 galaxies were ob-
served with SDSS DR9 (Ahn et al. 2012) at redshift z < 0.1
and the other 9 galaxies were observed with HST at redshift
0.1 < z < 0.2. The sample of Yamada et al. (2013) was based
on the two AKARI mission programs, Mid-infrared Search
for Active Galactic Nuclei (MSAGN: Oyabu et al. 2011) and
Evolution of ULIRGs and AGNs (AGNUL: Imanishi et al.
2008, 2010). These two programs observed galaxy spec-
tra at 2.5 − 5 µm wavelengths with a spectral resolution of
R ∼ 120 (Ohyama et al. 2007) using the AKARI/IRC (In-
fraRed Camera; Onaka et al. 2007), which enables to detect
the PAH 3.3 µm feature and to measure the NIR continuum
slope. Galaxies with either the equivalent width of the 3.3 µm
feature < 40 nm (Moorwood 1986; Imanishi & Dudley 2000;
Imanishi et al. 2008) or NIR continuum slope Γ > 1 ( fν ∼ λ
Γ)
(Risaliti et al. 2006; Imanishi et al. 2010) were excluded as
those likely contaminated by AGN activity.
We constructed a sample of 48 galaxies with the SDSS
g-band images at z < 0.1 from the sample of Yamada et al.
(2013). The redshift boundary is determined to avoid the
uncertainties of galaxy morphology estimation due to lower
physical spatial resolution toward higher redshifts, which is
important for secure morphological classification of our sam-
ple into merger galaxies and non-merger galaxies. The pixel
scale and typical full width at half-maximum (FWHM) size
of Point Spread Function (PSF) are 0.396 arcsec and ∼ 1.5
arcsec, respectively. The PSF size corresponds to the phys-
ical resolution of 2.8 kpc at z = 0.1 which is sufficient to
resolve merger features.
For the galaxies of Yamada et al. (2013) at z > 0.1, we
searched the optical images with high spatial resolutions of
the HST in the Hubble Legacy Archive1 and constructed a
sample of 9 galaxies with the HST F814W band images. The
HST galaxies are at spectroscopic redshift z = 0.108 − 0.168.
The pixel scale and the PSF FWHM are 0.10 arcsec and
. 0.2 arcsec, respectively. The PSF size corresponds to the
physical resolution of . 0.6 kpc at z = 0.168.
We searched for companion galaxies of the 57 galaxies.
For the SDSS sample, we defined sources with ‘galaxy’ class
in the SDSS catalog within 150 kpc from the primary galaxy
positions and within relative velocity along line-of-sight of
500 km/s from the primary galaxies as companion galaxies.
The relative velocities were estimated from the SDSS spec-
troscopic redshifts. We determined the boundaries used in
the above definition of companion galaxies according to the
merger simulation by Lotz et al. (2010). For the HST sam-
ple, we searched for companion galaxies in the HST image
by visual inspection. As a result, out of all the 57 galaxies
in our sample, 21 galaxies are found to have a companion
galaxy.
3 DATA ANALYSIS
3.1 Spectral Energy Distribution Fitting
We estimated infrared properties of dust and PAH by a
spectral energy distribution (SED) fitting technique using
multi-band photometric data from NIR to FIR wavelengths.
We used the photometric data of the 9 µm, 18 µm, 65 µm,
90 µm, 140 µm and 160 µm bands of AKARI, the 12 µm and
22 µm bands of WISE (Wide-field Infrared Survey Explorer;
Wright et al. 2010), the 25 µm, 60 µm and 100 µm bands
of IRAS (Infrared Astronomical Satellite; Neugebauer et al.
1984), and the 2.5 − 5 µm spectrum of the AKARI/IRC for
the SED fitting. The data of 2.5 − 5 µm, 9 µm and 12 µm
likely trace PAH emission features, while the other photo-
metric data trace dust continuum emission.
The 9 µm and 18 µm fluxes were measured from the
AKARI mid-infrared all-sky diffuse maps (Ishihara et al.
2010; Ishihara et al., in prep.) and the 65 µm, 90 µm, 140 µm
and 160 µm fluxes were measured from the AKARI far-
infrared all-sky diffuse maps (Doi et al. 2015). The source
fluxes were calculated by circular aperture photometry with
background sky subtraction. The aperture sizes are flexi-
bly changed to capture most of the galaxy light. System-
atic uncertainties derived from the AKARI instruments and
the photometric calibrations in the bands are included into
the flux uncertainties with 15%, 15%, 20%, 20%, 30% and
40% for the 9 µm, 18 µm, 60 µm, 90 µm, 140 µm and 160 µm
band respectively. The 12 µm and 22 µm fluxes were taken
from the WISE All-Sky Catalog2 , and the 25 µm, 60 µm and
1 http://hla.stsci.edu/
2 http://wise2.ipac.caltech.edu/docs/release/allsky/
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Figure 1. Examples of the observed SEDs. The model consists of the continua of 600K and 3000K blackbodies (green dotted line),
PAHs (cyan dotted line), VSGs (red dotted line) and BGs (blue dotted line). The best-fit model spectrum and the model flux densities
are plotted with the solid line and squares, respectively. The SEDs in the top, middle and bottom panels are taken from ULIRGs, LIRGs
and IRGs, respectively.
100 µm fluxes were taken from IRAS Faint Source Cata-
log (Moshir et al. 1990). The flux inconsistency between the
IRAS and AKARI bands is included into the flux uncertain-
ties, which is 15% of the IRAS fluxes. The WISE photome-
try was calibrated using the standard stars, which is likely
to introduce systematic offsets of the fluxes for galaxies with
redder colors than the standard stars. Therefore systematic
uncertainties are included into the flux uncertainties with
10% for the 12 µm and 22 µm bands (Wright et al. 2010).
The 2.5−5 µm spectra were reduced in Yamada et al. (2013)
using the AKARI/IRC pipeline. For the 21 galaxies which
have a companion galaxy, we used the photometric flux as
the sum of the fluxes of a primary galaxy and a companion
galaxy because we could not separate these galaxies spatially
with IRAS. If a primary galaxy and a companion galaxy
are resolved spatially with AKARI and WISE, we evaluated
each flux and added them. If not, we performed photometry
as a single source with an appropriate aperture size.
The SED model used in the fitting was generated us-
ing the DustEM code (Compie`gne et al. 2011). The SED
model is based on the DHGL (diffuse interstellar medium
at high-galactic latitude) model of the DustEM, which repro-
duces dust emission and extinction of the diffuse interstel-
lar medium at high galactic latitudes, with some modifica-
tions to adjust for our data set. The DGHL model includes
three dust components: amorphous silicate (aSil), hydrogen-
erated amorphous carbon (amC) and PAHs. The amC con-
sists of different size components: large amC (LamC) and
MNRAS 000, 1–14 (2016)
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Figure 2. SDSS g-band images of the 46 SDSS galaxies. The images are ordered by descending asymmetry from the top left to the
bottom right. The primary galaxy name, asymmetry value A and 100 LPAH/LTIR are given in each image. The scale bars are 10 arcsec for
each image.
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Figure 3. HST F814W-band images of the 9 HST galaxies. The scale bars are 10 arcsec for each image.
small amC (SamC). The PAHs are subdivided into neutral
and ionized PAHs. The abundance ratio of LamC and aSil
is assumed to be 1 : 5.4 which reproduces dust emission and
extinction for the GHDL of the Galaxy. The abundance ratio
of neutral and ionized PAHs is assumed to be 1.5 : 1 cor-
responding to the ionization fraction of 0.4 which is typical
for average PAH size (Li & Draine 2001). In addition to the
three dust components, two blackbody spectra with 3000K
as old stars which dominate NIR continuum in galaxies and
600K which is hot dust temperature in infrared galaxies
(Oyabu et al. 2011) are included in the fitting model to rea-
sonably fit the NIR spectra. The amplitudes of LamC and
aSil, SamC, neutral PAH, ionized PAH, 3000K and 600K
blackbodies are determined in the SED fitting.
The fitting between model and observed SEDs was per-
formed with χ2 minimization using DustEM wrapper3, the
IDL wrapper program of the DustEM code. The observed
SEDs were constructed from the photometric fluxes of the
AKARI, WISE and IRAS bands, and 2.5 − 5 µm spectrum
binned with four spectral elements after excluding the spec-
tral data points at the wavelengths of the H2O ice absorp-
tion and Brα emission, because these are not modeled in
the DustEM code. The DustEM wrapper outputs the ampli-
tudes of the six components and the abundances of LamC
and aSil (hereafter, big grain: BG), SamC (hereafter, very
small grain: VSG) and PAHs. From the outputs, we calcu-
lated LPAH and LTIR which is the total luminosity of BG,
VSG and PAHs.
Out of the 57 star-forming galaxies, the observed SEDs
of two galaxies in the SDSS sample were not well fitted by
model SEDs on a χ2 test with 90% confidence and they
were excluded from the sample in the following analysis.
The resultant sample includes 55 galaxies at spectroscopic
redshifts 0.003 < z < 0.17 (median redshift zmedian ∼ 0.03).
These are 13 ULIRGs (UltraLuminous InfraRed Galaxies;
LTIR > 10
12Lsun), 36 LIRGs (Luminous Infrared Galaxies;
1011Lsun < LTIR < 10
12Lsun) and 6 IRGs (InfraRed Galaxies;
LTIR < 10
11Lsun). All the galaxies in the HST sample are
ULIRGs. Figure 1 shows six examples of the result of the
SED fitting.
3 http://dustemwrap.irap.omp.eu/
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Figure 4. Number fraction of the merger galaxies as a function
of LTIR. The error bars are based on the binomial statistics. The
histograms display the LTIR distributions of the merger and non-
merger galaxies.
3.2 Classification into Merger Galaxies and
Non-merger Galaxies
We divided our sample into merger galaxies and non-
merger galaxies using a non-parametric morphological in-
dicator, asymmetry A, which is an indicator of morphol-
ogy asymmetry with 180◦ rotation with respect to the cen-
ter of a galaxy and has been used in many previous stud-
ies to identify merger galaxies (e.g., Schade et al. 1995;
Abraham et al. 1996; Lotz et al. 2004; Conselice et al. 2008;
Law et al. 2012). We used the SDSS g-band images for the
MNRAS 000, 1–14 (2016)
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46 galaxies at z < 0.1 and the HST F814W-band images for
the 9 galaxies at 0.1 < z < 0.2.
Before calculating A, we first created segmentation
maps of galaxies as follows:
(i) Mask out the pixels of stars and unrelated galaxies in
the images.
(ii) Create initial galaxy segmentation maps whose pixels
are above 1.5σ sky level and they are connected with the
center of the galaxy position. The sky level was adopted as
median value of the image after iteratively clipping outliers
with the IDL procedure of mmm.pro.
(iii) Create the final segmentation maps follow-
ing the quasi-petrosian image thresholding technique
(Abraham et al. 2007) which is based on surface bright-
ness distributions in the initial segmentation map with a
petrosian fraction of η = 0.2.
For the 21 galaxies which have a companion galaxy, we define
the segmentation map as that including both galaxies. The
quasi-petrosian image thresholding technique is more suit-
able for morphological measurement of patchy galaxies in-
cluding merger galaxies than the segmentation maps created
by the petrosian radius technique. The quasi-petrosian im-
age thresholding technique has been used for many previous
studies, especially those at high redshift (e.g., Capak et al.
2007; Tasca et al. 2009; Law et al. 2012).
Then, we calculated A. The asymmetry A is defined by
A =
∑
| f 0
i
− f 180
i
|∑
| f 0
i
|
− B, (1)
where f 0
i
and f 180
i
are the fluxes of the i-th pixel of the orig-
inal image and the image rotated by 180◦ about the center,
respectively, and B is the correction of the measured asym-
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Figure 6. LPAH/LTIR as a function of LTIR for the merger galax-
ies (red circles) and the non-merger galaxies (blue triangles) in
the SDSS sample, and merger galaxies (red squares) in the HST
sample.
metry values due to background fluctuation4. The back-
ground correction B is calculated according to the convo-
lution technique by Zamojski et al. (2007). The summation
in the asymmetry A formula is done within the galaxy seg-
ment defined above. The rotation center is determined by
minimizing asymmetry A around the flux-weighted center
in the galaxy segment.
Figure 2 shows the SDSS g-band images of the 46 SDSS
galaxies ordered by descending asymmetry from the top left
to the bottom right. Figure 3 shows the HST F814W im-
ages of the 9 HST galaxies. As can be seen in the images,
galaxies with large asymmetry values show clear merger sig-
natures such as double nuclei, tidal tails, and/or asymmetric
morphology.
We defined galaxies with A > 0.35 as merger galaxies
and the other galaxies as non-merger galaxies. The adopted
asymmetry criterion of 0.35 is the same as in Conselice
(2003). As a result, out of the SDSS 46 galaxies, 26 galaxies
(∼ 57%) are classified as merger galaxies and the other 20
galaxies as non-merger galaxies (∼ 43%), while all the 9 HST
galaxies are classified as merger galaxies. Out of all the 55
galaxies, 35 galaxies (∼ 64%) are classified as merger galaxies
and the other 20 galaxies as non-merger galaxies (∼ 36%).
The merger galaxies consist of galaxies with a companion
and those with evidence of recent mergers such as double
nuclei, tidal tails and/or asymmetric morphology in a single
envelope.
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4 RESULTS
4.1 Relation to galaxy merger
Figure 4 displays a number fraction of the merger galax-
ies as a function of LTIR, which shows that the fraction in-
creases with LTIR. The merger galaxies occupy ∼ 17% for
IRGs, ∼ 61% for LIRGs, and ∼ 92% for ULIRGs, suggest-
ing that LTIR of most ULIRGs and almost half LIRGs are
4 As stated in Law et al. (2012), there are two commonly used
asymmetry definitions which differ by a factor of two. We used
the same definition as Lotz et al. (2004), Conselice et al. (2008)
and Law et al. (2012).
mainly induced by galaxy mergers. Since our sample is pure
star-forming galaxies with no AGN signatures, LTIR of the
merger galaxies should be mainly caused by merger-induced
starburst. The fraction is broadly consistent with the pre-
vious studies of local galaxies (e.g., Sanders & Mirabel
1996; Kim et al. 2002; Veilleux et al. 2002; Wang et al. 2006;
Kilerci Eser et al. 2014). The fraction of interacting/merger
systems increases from ∼ 10% at LTIR = 10
10.5 − 1011 Lsun
to ∼ 100% at LTIR > 10
12 Lsun by visual inspection of
the IRAS Bright Galaxy Survey (Sanders & Mirabel 1996).
Wang et al. (2006) found that 48% of LIRGs at z ∼ 0.05
are interacting/merging by visual inspection of the SDSS r-
band and composite color images. All the ULIRGs but one
in the IRAS 1 Jy sample show signs of a strong tidal inter-
action and merger by visual inspection of the optical images
(Kim et al. 2002; Veilleux et al. 2002). Kilerci Eser et al.
(2014) recently found that ULIRGs in the AKARI all-sky
survey are interacting pair galaxies or on-going/post merg-
ers by visual inspection of the SDSS color composite images.
Figure 5 displays that LPAH/LTIR of the merger galax-
ies tends to be lower than that of the non-merger galaxies.
The median LPAH/LTIR of the merger galaxies and the non-
merger galaxies are 0.044 and 0.088, respectively. Two non-
merger galaxies of CGCG049-057 and IRAS10494+4424
have extremely low LPAH/LTIR. Peeters et al. (2004) also re-
ported that CGCG049-057 has a low luminosity ratio of
the PAH 6.2 µm emission to FIR continuum due to its un-
usual infrared spectrum with strong PAH 6.2 µm emission,
and very strong and cold FIR continuum. IRAS10494+4424
is close to our asymmetry criterion of the classification be-
tween merger galaxies and non-merger galaxies. Asymmet-
ric diffuse light distribution, which implies that this galaxy
undergoes a recent merging process, is recognized in the g-
band image of IRAS10494+4424 by visual inspection, and
the galactic nucleus is extremely brighter than the diffuse
light. Thus this galaxy may be mistakenly classified into non-
merger galaxies. We performed the Mann-Whitney U test
and rejected with a significant level of 5% the null hypoth-
esis that the LPAH/LTIR distributions of the merger and the
non-merger galaxies are drawn from the distribution with
the same median. We therefore confirm that LPAH/LTIR of
the merger galaxies is statistically lower than that of the
non-merger galaxies.
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Figure 6 shows the relationship between LPAH/LTIR
and LTIR for merger galaxies and non-merger galaxies. The
merger galaxies and the non-merger galaxies for the SDSS
sample are plotted as red circles and blue triangles re-
spectively, while the merger galaxies for the HST sample
are plotted as red squares. Note that there are no non-
merger galaxies in the HST sample, which reflects that
all the galaxies in the HST sample are ULIRGs. Above
LTIR > 10
11Lsun, LPAH/LTIR clearly decreases with LTIR from
∼ 0.10 at LTIR ∼ 10
11Lsun to ∼ 0.01 at LTIR ∼ 10
12Lsun, which
is consistent with the previous studies that the ratio of the
PAH feature luminosity to LTIR decreases with increasing
LTIR in the local universe and at high redshift (Elbaz et al.
2011; Nordon et al. 2012; Yamada et al. 2013; Murata et al.
2014; Stierwalt et al. 2014). In Figure 6, we find that the
decrease is mainly due to lower LPAH/LTIR of merger galax-
ies than non-merger galaxies. A similar trend was reported
in Stierwalt et al. (2014) who investigated LPAH/LTIR with
the stages of merging processes for U/LIRGs using 5-38 µm
spectra taken with Spitzer Infrared Spectrograph (IRS) in
the Great Observatories All-sky LIRG Survey (GOALS).
Stierwalt et al. (2014) classified each galaxy into five classes
(non-mergers, pre-mergers, early-stage mergers, mid-stage
mergers, late-stage mergers) with visual inspection of the
Spitzer IRAC 3.6 µm images performed in Stierwalt et al.
(2013) and found the decrease in LPAH/LTIR for late-stage
mergers compared to pre-mergers, early-stage mergers, non-
mergers. Considering that late-stage mergers tend to have
lower equivalent width of 6.2 µm PAH emission than pre-
mergers, the decrease is considered as an excess of LTIR not
associated with star formation, namely warm dust emission
of AGNs. In our study, we find that merger galaxies have
lower LPAH/LTIR than non-merger galaxies even for pure
star-forming galaxies, which suggests that AGN emission
may not contribute to the decrease.
Figure 7 shows the ratios of MPAH/MBG, MVSG/MBG and
MBG/Mstar for merger galaxies and non-merger galaxies. Here
BG mass (MBG), VSG mass (MVSG) and PAH mass (MPAH)
are calculated from the results of the SED fitting with the
DustEM. Stellar mass (Mstar) is estimated from the WISE
3.4 µm and 4.6 µm band flux densities using the conversion
from WISE NIR photometry and a redshift to a stellar mass
given by Eskew et al. (2012). We adopted the Chabrier ini-
tial mass function (Chabrier 2003). The W1-band and W2-
band fluxes are adopted as aperture photometry with the
aperture size of 24.′′75 in the radius in the WISE all sky
source catalog. The error bars of MPAH, MVSG, MBG are gen-
erated by the SED fitting of the DustEM with the observed
flux errors. The error bars of Mstar are estimated by the prop-
agation of the errors of the WISE flux densities.
Figure 7 clearly shows that merger galaxies tend to have
lower MPAH/MBG than non-merger galaxies. Almost half of
the merger galaxies have lower MPAH/MBG ratios than non-
merger galaxies although the other half of the merger galax-
ies have MPAH/MBG similar to non-merger galaxies. By con-
trast, there are no systematic differences in MVSG/MBG be-
tween merger galaxies and non-merger galaxies. Also, merger
galaxies have MBG/Mstar similar to non-merger galaxies. The
systematic decrease of MPAH/MBG for merger galaxies are
clearly seen in Figure 8 which displays MPAH as a function
of MBG. Merger galaxies clearly have lower MPAH at a given
MBG than non-merger galaxies. These results indicate that
the tendency of low MPAH/MBG of merger galaxies is caused
by low MPAH of merger galaxies, which suggests a part of
PAH destruction during merging processes of galaxies.
4.2 Relation to the stages of merging processes
The merger galaxies do not always possess lower MPAH/MBG
than non-merger galaxies. Obviously, the next question is
what causes the difference in MPAH/MBG for merger galaxies.
By our definition on merger galaxies which are classified with
A, the merger galaxies can include a wide range of merging
stages. Therefore, it is interesting to examine the stages of
merging processes for the merger galaxies and investigate
the relation of PAH abundance with the stages of merging
processes.
Motivated by this, we estimate two morphological indi-
cators, the Gini coefficient G and M20 (Lotz et al. 2004), and
investigate their relation to MPAH/MBG. G means inequality
of a flux distribution, and M20 is a logarithmic fraction of the
intensity momentum of the brightest region which includes
20% flux of the total flux to the momentum of the total re-
gion of a galaxy. The definitions of G and M20 are described
in the Appendix. Since galaxies at different merging stages
occupy different regions of G and M20 diagram (Lotz et al.
2008), we can investigate stages of merger galaxies.
Figure 9 shows a distribution of G and M20 for our
merger galaxies. For reference, we plot G-M20 distributions
of ULIRGs with single nucleus (single ULIRGs) and ULIRGs
with double nuclei (double ULIRGs) taken from Lotz et al.
(2004). Since the G and M20 of the ULIRGs of Lotz et al.
(2004) were calculated in R band images, we added M20 value
by 0.1 and G by −0.02, which are typical differences between
the two bands taken from Lotz et al. (2004), to convert from
R band to g band used in the G and M20 calculation of our
merger galaxies. We performed Fisher’s linear discriminant
analysis for two classes of the single and double ULIRGs,
and plot the best classification line (G = −0.20M20 + 0.27) in
Figure 9. Since ULIRGs in the local universe are considered
to be merger galaxies of gas-rich disk galaxies on the basis
of their morphology and starburst activities (Veilleux et al.
2002), their G-M20 distribution is used as a representative
of merger galaxies (Lotz et al. 2004). Based on numerical
simulations of galaxy mergers, it is considered that single
ULIRGs are at late stages of merging processes of galax-
ies including the final coalescence stage and double ULIRGs
are earlier stages than single ULIRGs (Veilleux et al. 2002).
Therefore, merger galaxies can be divided into two classes
using the best classification line in the G − M20 distribution
of Figure 9. Merger galaxies at early (late) stages are those
above (below) the line.
Although our merger galaxies are, for the first approx-
imation, similarly distributed in the G-M20 region of the
ULIRGs, there shows a little discrepancy at G ∼ 0.65 and
M20 ∼ −2.5; no galaxies are found in our sample while the lo-
cal number density peak is seen for the single ULIRGs. The
discrepancy may be because our sample of merger galaxies
tends to possess lower LTIR than the ULRGs of Lotz et al.
(2004). Merger-induced starburst is considered to occur at
nuclear region. Galaxies with higher LTIR, that is higher
SFR, may possess more luminous nuclear starburst, which
may cause higher G and lower M20. Psychogyios et al. (2016)
examined a distribution of G and M20 for 89 LIRGs from the
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GOALS sample. Their M20 is similar to our result. On the
other hand, their G is much smaller than ours and Lotz et al.
(2004), which may be due to their small image size as pointed
out by them.
Figure 10 displays a variation of MPAH/MBG of our
merger galaxies in G-M20 diagram and shows a trend of the
PAH destruction with the stages of merging processes. We
find that the merger galaxies with relatively low M20 tend
to have low MPAH/MBG than those with relatively high M20.
Galaxies with MPAH/MBG < −1.7, where non-merger galax-
ies are few, are clustered around the region occupied by the
single ULIRGs. Out of the 11 galaxies with such very low
MPAH/MBG, nine galaxies have lower M20 against the clas-
sification line and even the rest two galaxies have a little
higher M20 against the line. Furthermore, we divided the
sample into two equal sized bins with their LTIR and found
that, for the galaxies with high LTIR, galaxies with very low
MPAH/MBG are also seen in the region occupied by the sin-
gle ULIRGs. The trend indicates that the galaxies with such
very low MPAH/MBG are merger galaxies at late stages, re-
flecting the tendency of lower MPAH/MBG for merger galaxies
as seen in Figure 7.
Figure 11 shows LTIR distributions of the merger galax-
ies at late stages, those at early stages and non-merger galax-
ies. Hereafter, merger galaxies at early (late) stages are de-
fined as those above (below) the best classification line in the
G − M20 distribution of Figure 9. The stages of merging pro-
cesses are clearly related with LTIR. Merger galaxies at late
stages possess higher LTIR than those at early stages. Ten
out of 13 ULIRGs (∼ 77%) are merger galaxies at late stages.
More than half of merger galaxies with 1011.0 < LTIR < 10
11.5
are at early stages. These results are broadly consistent with
the previous study of Larson et al. (2016) despite the dif-
ferent method of merger classification. Larson et al. (2016)
performed visual inspection of the HST I-band images for 65
local luminous infrared galaxies of the GOALS sample and
investigated the relation of merger stages and LTIR. They
found that almost all ULIRGs are major merger galaxies
at late stages while more than half of merger galaxies with
1011.1 < LTIR < 10
11.5 are at early stages.
5 DISCUSSION
Using the AKARI, WISE, IRAS, SDSS and HST data,
we investigated the relation of LTIR and LPAH with galaxy
merger for 55 star-forming galaxies taken from the sample
of Yamada et al. (2013). As a result, we confirm the previ-
ously noted trend that the fraction of merger galaxies in-
creases with LTIR and merger galaxies tend to have lower
LPAH/LTIR than non-merger galaxies, which results in the
decreases of LPAH/LTIR with increasing LTIR (Figures 4, 5
and 6).
Furthermore, we investigated the relation of MPAH,
MVSG, MBG and Mstar with galaxy merger (Figures 7 and 8).
We find that merger galaxies tend to have lower MPAH/MBG
than non-merger galaxies. Almost a half of the merger galax-
ies have lower MPAH/MBG ratios than non-merger galaxies,
while the other half of the merger galaxies have MPAH/MBG
similar to non-merger galaxies. By contrast, there are no
systematic differences in MVSG/MBG between merger galax-
ies and non-merger galaxies. Also, merger galaxies have
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Figure 9. G and M20 distribution for merger galaxies. The
filled circles indicate our sample of merger galaxies. For reference,
we plot a G-M20 distribution of ULIRGs taken from Lotz et al.
(2004) with the conversion from R band to g band. The diamonds
and the blue contour indicate G and M20 of the single ULIRGs
and their number density, respectively. The crosses and the red
contour indicate G and M20 of double ULIRGs and their number
density, respectively. The contours are drawn with linearly spaced
five levels. The dashed line indicates the best classification line
for two classes of the single and double ULIRGs.
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Figure 10. MPAH/MBG variation of merger galaxies in G and
M20 diagram. The colors scale with log MPAH/MBG. The contours
and the dashed line are the same as in Figure 9. The sample is
divided into two equal sized bins with their LTIR: (circle) galaxies
with LTIR > 3.63 × 10
11Lsun, (triangle) galaxies with LTIR < 3.63 ×
1011Lsun.
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Figure 11. LTIR distributions of the merger at late stages (top),
those at early stages (middle) and non-merger galaxies (bottom).
MBG/Mstar similar to non-merger galaxies. These results sug-
gest that PAHs are partly destroyed during merging pro-
cesses of galaxies. Figure 10 suggests that PAHs are de-
stroyed especially at the late stages of merging processes.
The destruction of PAHs in U/LIRGs has been reported
by previous studies and it is suggested to be caused by harsh
radiation fields of AGNs (e.g., Stierwalt et al. 2013, 2014).
Since galaxies contaminated by AGN activities were strictly
excluded from our sample by two methods of the previously
established NIR AGN diagnostics as explained in Section
2, the PAH destruction found in our sample needs another
destruction processes.
We consider possible origins for PAH destruction dur-
ing merging processes of galaxies. The first possibility is
the photo-dissociation of PAHs by strong FUV radiation
field due to star-formation activity (e.g., Murata et al. 2014,
Domingue et al. 2016). PAHs can be destroyed by absorp-
tion of some Far-UV (FUV: 6 − 13.6 eV) photons since
such events heat PAHs above their sublimation tempera-
ture. It is well known that merging processes of gas-rich
galaxies can trigger starburst (e.g., Mihos & Hernquist 1996;
Springel et al. 2005; Cox et al. 2008), and thus strong FUV
radiation field, which may cause the decrease of MPAH/MBG
for merger galaxies relative to non-merger galaxies.
Second, possible origin of the PAH destruction is large-
scale shocks by merging processes of galaxies. Yamada et al.
(2013) suggested that low abundance ratios of PAHs to dust
are due to PAH destruction by large-scale shocks during
merging processes of galaxies. Merging of galaxies is con-
sidered to induce large-scale strong shocks in the galax-
ies (e.g., Rich et al. 2015) and these shocks can destroy
PAHs. The destructions of PAHs under the shocks depend
on the PAH size and the shock speed. Although shocks
with the speed vshock < 150 km/s destroy only small PAHs,
shocks with vshock > 150 km/s destroy almost all PAHs, re-
gardless of their sizes (Micelotta et al. 2010). On the other
hand, shocks with vshock ∼ 200 km/s destroy dust grains
with only 10 − 20 % dust masses (Jones et al. 1996). LIRGs
and ULIRGs possess extended ionized gas with high veloci-
ties dispersions, which are interpreted as large-scale shocks
with vshock ∼ 150 − 500 km/s induced by galaxy merg-
ers (Monreal-Ibero et al. 2006, 2010; Rich et al. 2011, 2014,
2015). Recently, Rich et al. (2014, 2015) performed inte-
gral field spectroscopic (IFS) observations for 27 nearby
U/LIRGs of the GOALS sample and found that the fraction
of Hα emission with high velocity dispersion > 90 km/s,
which is mainly originated by shock excitation, to the to-
tal Hα emission for merger galaxies statistically increases
with the stages of merging processes. The fraction increases
from about 10 % at pair galaxies with wide separations of
10 − 100 kpc to about 35 % at close pair galaxies with sep-
arations of < 10 kpc, and finally reaches almost 60 % at the
final coalescence stage.
Post-shock ionized gas now emitting the optical emis-
sion lines is possible to be pre-shock dense gas such as that
in photodissociation regions (PDRs) and molecular clouds
where PAHs are present since the shocks can dissociate
molecules and ionize atomic gas. In this case, the presence
of the shocked gas detected by optical emission lines means
that PAHs can be under shocks during galaxy mergers and
thus they can be partly destroyed. Furthermore, since galaxy
mergers can induce large-scale shocks by tidally-induced
high velocity flows and cloud-cloud collision of dense gas
cloud, the PDRs in merger galaxies may be also under the
shocks. Since the sample of Rich et al. (2014, 2015) con-
sists of typical local U/LIRGs, large-scale shocks commonly
appear in local U/LIRGs with merging processes and possi-
bly in gas-rich major mergers. Although local galaxies with
large-scale shocks are extremely rare for the overall galaxy
population due to the rarity of gas-rich major merger galax-
ies, our sample of U/LIRGs mostly during merging processes
is expected to show large-scale shocks. Under the PAH de-
struction scenario by large-scale shocks during merging pro-
cesses of galaxies, this result implies that PAHs are expected
to be destroyed more efficiently at later stages, especially the
final coalescence stage, during merging processes.
Finally, it is possible that both strong UV radiation
and large-scale shocks comparably contribute to the PAH
destruction since merging processes of galaxies can induce
both.
To verify the above possibilities, we investigate
MPAH/MBG variations in G0 and the emission line ratio of
[O i]λ6300/Hα (hereafter denoted [O i]/Hα) for the merger
galaxies. Here G0 is radiation field intensity integrated for
the FUV wavelengths relative to the standard InterStellar
Radiation Field (ISRF) and is derived from the results of
the SED fitting with the DustEM. Optical emission line ratios
such as [O i]/Hα are used to distinguish the shocks from H ii
regions (e.g., Lequeux 2005). The large [O i]/Hα is consid-
ered as a evidence of galaxy-wide shocks for several optical
IFS observations (Farage et al. 2010; Monreal-Ibero et al.
2010; Rich et al. 2011; Rich et al. 2014; Rich et al. 2015).
Since the emission line ratio of [O i]/Hα is more pro-
nounced shock tracer than those of [S ii]λ6717, 6731/Hα and
[N ii]λ6584/Hα (Monreal-Ibero et al. 2010), we determined
to here utilize the emission line ratio of [O i]/Hα for a shock
tracer. Although the spatial distribution of [O i]/Hα is strong
evidence of shocks, it is not available in our sample. There-
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fore, the emission line of spatially-integrated spectroscopic
data is used in the following analysis.
We retrieved the [O i] and Hα line fluxes of the merger
galaxies in our sample from archival data of spectroscopic
observations and constructed the emission line ratios of
[O i]/Hα. For the galaxies with a companion galaxy, we
used the emission line ratios of primary galaxies because
few companion galaxies have spectroscopic data. Out of the
35 merger galaxies in our sample, the emission line ratios of
[O i]/Hα of 23 galaxies are constructed using the SDSS fiber
spectroscopic data (MPA-JHU catalog, ver. 5.2 based on
the SDSS 7th data). Out of the 12 merger galaxies without
the SDSS data, 5 galaxies are constructed using the spec-
troscopic data by Veilleux et al. (1999). The rest 7 galaxies
have no spectroscopic data and they are not included in the
following analysis. Seven galaxies out of the 23 galaxies with
the SDSS data also have the emission line fluxes of [O i] and
Hα of Veilleux et al. (1999). To assess the systematic offset
of log[O i]/Hα of the two spectroscopic data, we calculated
the mean difference of log[O i]/Hα between the SDSS and
Veilleux et al. (1999) data. The difference is 0.08 dex and is
negligible to our result.
Figure 12 shows MPAH/MBG variation in the G0 and
[O i]/Hα emission line ratio diagram for the 28 merger galax-
ies with [O i] and Hα emission line fluxes available. Galaxies
with log[O i]/Hα > −1.6 are best explained by the presence
of shocks with vshock < 200 km/s, while log[O i]/Hα < −1.6 is
explained by the emission from gas ionized by young stars in
H ii region (Monreal-Ibero et al. 2010). Most of the galaxies
occupy the shocked region. Merger galaxies at late stages
tend to be larger [O i]/Hα than those at early stages, which
is consistent with the IFU surveys that shocks are an in-
creasingly important component of the optical emission lines
as merging processes (Monreal-Ibero et al. 2010; Rich et al.
2014, 2015).
From Figure 12, it is clear that MPAH/MBG decreases
with increasing G0 and [O i]/Hα. Interestingly, galaxies at
a given G0 tend to possess lower MPAH/MBG with increas-
ing [O i]/Hα, which suggests that PAHs tend to be destroyed
more in shock-dominated galaxies even with the same radia-
tion field strength. Furthermore, galaxies at a given [O i]/Hα
tend to possess lower MPAH/MBG with increasing G0, which
suggests that radiation fields strength is another important
factor for the PAH destruction. Therefore, it is likely that
both large-scale shocks and strong radiation fields compara-
bly contribute to destroy PAHs during merging processes of
galaxies.
These trends are clearly seen in Figure 13, which shows
MPAH/MBG as a function of the [O i]/Hα line ratio at a given
G0 for the same sample of Figure 12. The sample is divided
into three equal sized bins according to G0; galaxies with
low G0: G0 < 13, intermediate G0: 13 < G0 < 65, and high
G0: G0 > 65. For the merger galaxies with intermediate and
high G0, MPAH/MBG decreases with the [O i]/Hα line ratio.
The MPAH/MBG of the galaxies with intermediate (high) G0
decreases from ∼ 0.06 (∼ 0.01) at log[O i]/Hα ∼ −1.5 to
∼ 0.03 (∼ 0.007) at log[O i]/Hα ∼ −1.0. The Spearman’s
rank test found negative correlations between MPAH/MBG
and [O i]/Hα for galaxies with intermediate G0 (Spearman’s
correlation coefficient ρ = −0.70) and high G0 (ρ = −0.66)
with a significant level of 5%. On the other hand, no signif-
icant correlations for galaxies with low G0 are found with
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Figure 12. MPAH/MBG variation in the interstellar radiation
field G0 and [O i]λ6300/Hα diagram for the merger galaxe with
[O i]λ6300 and Hα emission lines available. Merger galaxies at
early stages and those at late stages are triangles and circles,
respectively. The scatter plots shown in the main panel indi-
cate MPAH/MBG variation as a function of G0 and [O i]λ6300/Hα.
The dashed line is distinguish from the shocks from H ii regions
(Monreal-Ibero et al. 2010). Merger galaxies at early (late) stages
are defined as those above (below) the best classification line in
the G − M20 distribution of Figure 9.
the Spearman’s rank test. We fit the data points of galax-
ies with intermediate and high G0 with a linear line of
log(MPAH/MBG) = a × log([O i]/Hα) + b, where a and b are
free parameters. The best-fit linear lines shown in Figure 12
have similar slopes each other with a systematic offset in
MPAH/MBG. Galaxies with high G0 have lower MPAH/MBG
than those with intermediate G0 at a given [O i]/Hα line ra-
tio. In summary, PAH destruction is likely to be caused by
two processes; large-scale shocks and strong interstellar ra-
diation fields during merging processes of galaxies especially
at late stages.
For major-merger galaxy pairs at z ∼ 0, Domingue et al.
(2016) found that PAH-to-dust mass ratios of spiral-spiral
pairs are lower than those of spiral-elliptical pairs and iso-
lated spiral galaxies. They suggested that the reduction is
likely a PAH deficiency by their enhanced interstellar radia-
tion fields caused by their active star formation. The sample
of Domingue et al. (2016) is mostly IRGs, while our sample
of merger galaxies consists of mostly LIRGs and ULIRGs in-
cluding merger galaxies at later stages. IRGs have lower ra-
diation field strength than U/LIRGs. Main processes of PAH
destruction might differ according to LTIR and the stages of
merging processes. PAHs might be destroyed by strong ra-
diation fields by star formation in IRGs, while they might
be destroyed by both strong radiation fields and large-scale
shocks in LIRGs and ULIRGs which are dominant for merger
galaxies.
Many authors pointed out the deficit of [C ii] 158 µm
emission line for star-forming and starburst galaxies includ-
ing IRGs, LIRGs and ULIRGs, the so-called [C ii] deficit.
(e.g., Luhman et al. 2003). Since [C ii] and PAH emissions
MNRAS 000, 1–14 (2016)
12 K. L. Murata et al.
−2.0 −1.8 −1.6 −1.4 −1.2 −1.0 −0.8 −0.6
log [OI]/Hα
0.01
0.10
M
PA
H
 
/ M
BG
M
PA
H
 
/ M
BG
G0>65
13<G0<65
G0<13
Figure 13. MPAH/MBG as a function of [O i]λ6300/Hα for the
same sample of Figure 12. The sample is divided into three
equally-sized bins with their G0: galaxies with (cross) G0 < 13,
(diamond) 13 < G0 < 65 and (circle) G0 > 65. The lines repre-
sent the fitting results of galaxies with 13 < G0 < 65 (dashed)
and G0 > 65 (solid) with a linear line of log(MPAH/MBG) =
a × log([O i]λ6300/Hα) + b, where a and b are free parameters.
are mainly emitted from PDRs and they are tied to each
other (Dı´az-Santos et al. 2013; Dı´az-Santos et al. 2014), it
is worth noting the relation between the PAH destruction
during merging processes of galaxies and the [C ii] deficit.
Many origins have been proposed for the [C ii] deficit. One
possible origin is small dust destruction or charging, which
reduces photoelectric yield (e.g., Smith et al. 2017). If this is
the case, the destruction of PAHs by strong radiation fields
and large-scale shocks can naturally explain to reduce the
[C ii] emission during merging processes of galaxies.
Finally, we comment out the limitation of our study.
As described in Section 3.1, the photometric fluxes of the
21 galaxies with a companion, which are at early stages of
merging processes, are used as the sum of the photometric
flux of a primary galaxy and a companion galaxy due to the
limitation of the low spatial resolution of IRAS. This can
affect the interpretation of our results if the effect of the
merging of galaxies is not the same in both galaxies. If the
companion galaxy is significantly smaller than the primary
galaxy, the summed SEDs are mainly reflected from the SED
of the primary galaxy. If this is the case, we could not de-
tect the PAH destruction of the companion galaxy from the
summed SEDs. Furthermore, for the galaxies with a com-
panion galaxy, we used the emission line ratios of primary
galaxies due to the limitation of available spectroscopic data.
Therefore, our result of the PAH destruction at early stages
of merging processes and its origin may be uncertain. On
the other hand, since the merger galaxies at the late stage
are disturbed single component, it is certain that PAHs are
destroyed at the late stages of merging processes of galaxies.
6 SUMMARY
We have investigated the relation of LPAH, LTIR, MPAH,
MVSG, MBG and Mstar with galaxy merger for 55 star-forming
galaxies at redshift z < 0.2 using the AKARI, WISE, IRAS,
SDSS and HST data. We divided the galaxies into 35 merger
galaxies and 20 non-merger galaxies based on A which was
calculated with the SDSS g-band for galaxies at z < 0.1 and
the HST F814W images for galaxies at z > 0.1. We find that:
(i) The fraction of merger galaxies clearly increases with
LTIR, and the LPAH/LTIR ratios of merger galaxies tend to
be lower than those of non-merger galaxies, which results in
the decrease of LPAH/LTIR with increasing LTIR.
(ii) Merger galaxies tend to show lower MPAH/MBG than
non-merger galaxies and there are no systematic differences
in MVSG/MBG and MBG/Mstar between merger galaxies and
non-merger galaxies.
(iii) Galaxies with very low MPAH/MBG are clustered
around the region occupied by the single ULIRGs in the G
and M20 diagram, indicating that they are merger galaxies
at late stages.
These results suggest that PAHs are partly destroyed during
merging processes of galaxies especially at the late stages.
We consider three possible origins for the PAH de-
struction of star-forming galaxies; strong radiation fields,
large-scale shocks by merging processes of galaxies, and
both. To verify the above possibilities, we have investigated
MPAH/MBG variations in radiation field intensity strength G0
and the emission line ratio of [O i]/Hα which is a shock tracer
for merger galaxies. We find that MPAH/MBG decreases with
increasing both G0 and [O i]/Hα. Galaxies at a given G0 tend
to possess lower MPAH/MBG with increasing [O i]/Hα. Galax-
ies at a given [O i]/Hα tend to possess lower MPAH/MBG with
increasing G0. Therefore, PAH destruction is likely to be
caused by two processes; strong radiation fields and large-
scale shocks during merging processes of galaxies.
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APPENDIX A: G AND M20
The Gini coefficient means inequality of a flux distribution
and is defined as
G =
1
|X |n(n − 1)
∑
i
(2i − n − 1)|Xi |, (A1)
where Xi is the flux at the i-th brightest pixel values in the
quasi-petrosian segmentation map, X is the average of Xi
and n is the total number of pixels. The summation is done
within the quasi-petrosian segmentation. For example, G is 0
if all the pixels have the same value, while G becomes closer
to 1 if one pixel carries most of the total flux of a galaxy.
M20 is a logarithmic fraction of the intensity momentum
of the brightest region which includes 20% flux of the total
flux to the momentum of the total region of a galaxy. The
M20 is defined as
M20 = log10
(∑
i Mi
Mtot
)
while
∑
i
fi < 0.2 ftot, (A2)
where Mi is the second-order momentum in the i-th pixel,
Mi = fi[(xi − xc)
2
+ (yi − yc)
2], (A3)
where xi and yi are respectively the x-coordinate and y-
coordinate of the i-th pixel, xc and yc are those of the central
pixel of the galaxy, and fi and ftot are the flux of the i-th
pixel and the total flux respectively. Mtot is the summation
of Mi within the quasi-petrosian segmentation. The center
of the galaxy (xc, yc) is determined to minimize the total
momentum Mtot. The summation of Mi is done within the
brightest region which includes 20% flux of the total flux.
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